INTRODUCTION
Many transcription factors have been found to be members of highly related multifactor families ; their specificity of action must therefore be addressed to ascertain their respective functions [1] . Transcriptional factors consist of two functionally distinct domains : a DNA-binding domain and a transcriptional regulatory domain [2] .
Nuclear factor 1 (NF1) is one of the transcription factor family proteins. The molecular cloning of NF1 cDNA species from several species made it clear that NF1 proteins were produced not only by alternative splicing but also by four different genes (NF1-A, NF1-B, NF1-C and NF1-X) [3] [4] [5] [6] [7] [8] [9] . The conserved approx. 230-amino-acid residue N-terminal region of all NF1 proteins is important for the DNA binding, dimerization and stimulation of adenovirus DNA replication. The C-terminal regions of NF1 proteins, in contrast, are diverse and required for the regulation of transcription [9] [10] [11] [12] .
Human NF1-C was initially purified from HeLa nuclear extracts as a factor that promotes adenovirus DNA replication. Expression and functional analyses of the cloned NF1-C cDNA revealed that NF1-C binds to the GCCAAT sequence and activates adenovirus DNA replication and transcription [3] . Subsequently, rat NF1-A was purified and cloned from the liver as a factor that recognizes the NF1 site on the albumin gene [4] . NF1-B and NF1-X (from hamster liver), which bind to the promoter for the 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase gene, have been purified [4] . We recently purified the Abbreviations used : C/EBP, CCAAT-enhancer-binding protein ; GST-P, glutathione transferase P ; HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA ; NF1, nuclear factor 1 ; RT-PCR, reverse-transcriptase-mediated PCR ; SV40, simian virus 40 ; TBP, TATA-binding protein. 1 To whom correspondence should be addressed (e-mail imagawa!phs.osaka-u.ac.jp.). The nucleotide sequence data reported will appear in DDBJ, EMBL and GenBank Nucleotide Sequence Databases under the following accession numbers : NF1-B1, AB012230 ; NF1-B2, AB012231 ; NF1-B3, AB012232 ; NF1-C2, AB012233 ; C-terminal portion of NF1-X1, AB012234 ; and N-terminal portion of NF1-X1, AB012235.
The DNA-binding affinities of NF1-A and NF1-X are higher than those of NF1-B and NF1-C, whereas all four NF1 proteins showed the same DNA-binding specificity. Transfection analyses revealed that the function of NF1-B on the transcriptional regulation differed between NF1-B isoforms and was affected by the factor(s) that bind to the promoter regions. In addition, we identified the transcriptional regulatory domain of NF1-B, which is enriched with proline and serine residues.
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factors that bind to the silencer element in the rat glutathione transferase P (GST-P) gene. The amino acid sequences of the purified factors were identical with those of NF1-A and NF1-B [9] . Although the four NF1 proteins listed above were purified from several species, their expression profiles are unclear. Moreover, whereas all the NF1 proteins recognize the origin of the adenovirus replication, their affinities and specificities of DNA binding to other NF1 sites are still unknown.
The C-terminal regions of NF1 proteins are diverse and required for the regulation of transcription. We previously identified a rat NF1-A repression region that is divided into two 100-residue domains, one enriched with serine and glycine residues and the other with proline and serine residues [13] . The proline-rich activation domain was identified in the C-terminal region of human NF1-C and selectively interacts with TFIIB, TATA-binding protein (TBP), TBP-associated factor 55 and histone H3 [10, [14] [15] [16] [17] . Roulet et al. [11] reported that the Cterminal region of Xenopus NF1-X activates transcription by using an activation domain that is subdivided into two domains, each containing independent activation properties in chimaeric proteins. NF1-B has been purified as a silencer or promoterbinding factor, but the C-terminal region of NF1-B has not yet been characterized.
In the present study, we cloned all four NF1 cDNA species of the rat and found that their expressions are indistinguishable in rat tissues. The DNA-binding affinities of NF1-A and NF1-X were revealed to be higher than those of the other NF1 proteins, although all four NF1 proteins showed the same DNA-binding specificity. We also observed that the function for the transcriptional regulation of NF1-B is affected by the factor(s) that bind to the promoter regions. Using a minimal promoter, we identified the NF1-B transcriptional activation domain, which is enriched with proline and serine residues.
MATERIALS AND METHODS

Library screening and DNA sequencing
The specific probes for NF1 family cDNA species were amplified by a reverse-transcriptase-mediated PCR (RT-PCR) analysis by using rat liver RNA as a template with three sets of two primers corresponding to hamster NF1-B (position 757-1570 bp), human NF1-C (position 723-1464 bp) and hamster NF1-X (position 713-1326 bp) [3, 5] . The amplified PCR products were cloned into a pBluescript vector and sequenced with automated DNA sequencers [DSQ-1000 (Shimadzu Ltd., Kyoto, Japan) and ABI PRISM 310 (Perkin-Elmer, Foster City, CA, U.S.A.)]. The sequences revealed that the PCR products are the counterparts of the rat NF1 cDNA species. $#P-labelled rat NF1-B, NF1-C, and NF1-X cDNA fragments were used as probes for screening 6i10& phages of a rat liver λgt10 cDNA library kindly provided by Dr. N. Miura (Akita University, Akita, Japan). We obtained three NF1-B clones, three NF1-C clones and two NF1-X clones ; each insert of all isolated clones was subcloned into a pBluescript vector. The nucleotide sequence was determined with automated DNA sequencers (DSQ 1000 and ABI PRISM 310) and the dideoxy method by using $#P [18] .
RT-PCR analysis
The reverse transcriptase reaction was performed for 30 min at 55 mC with 1.5 µg of total RNA as a template. NF1-B isoforms were detected by the primers corresponding to position 1160-1688 bp of NF1-B1. All three NF1-B isoforms could be detected by this primer set. The sizes of the products of NF1-B1, NF1-B2 and NF1-B3 were 538, 449 and 227 bp respectively. PCR amplification (94 mC for 1 min, 61 mC for 1 min and 72 mC for 1 min) was performed for 30 cycles. The reaction products were separated on a 6 % (w\v) polyacrylamide gel and stained with ethidium bromide. The positive fragments were recovered, blunted, cloned into the SmaI site of the pBluescript vector and sequenced by an automated DNA sequencer (ABI PRISM 310).
Northern blot analysis
Poly(A) + RNA was isolated from total RNA by using OligotexdT30 (Daiichi Pure Chemicals, Tokyo, Japan). mRNA (2 µg) was subjected to electrophoresis on a 1 % (w\v) agarose gel containing 2 % (v\v) formaldehyde, then transferred to a nitrocellulose filter. For the detection of NF1-A, the region corresponding to 949-1530 bp in NF1-A cDNA was used as a probe. The other NF1 isoforms were detected by the specific probes used for the screening.
Plasmid constructs
For the expression of the DNA-binding domains of NF1 family proteins as GST fusion proteins, the fragments corresponding to amino acid residues 10-244 (NF1-A), 11-239 (NF1-B), 10-246 (NF1-C), and 10-245 (NF1-X) were amplified by PCR and then cloned into the pGEX-2T (Pharmacia, Uppsala, Sweden).
GAL4-A1(145-509), also previously termed GAL4-A1 [9] , contains the C-terminal region of rat NF1-A. GAL4-B2(239-494) and GAL4-B3(239-420) were made by digesting NF1-B cDNA species with HincII and XbaI, then subcloning into the BamHI fill-in and the XbaI site of pSG424 [19] . GAL4-B1(239-561) was obtained by inserting an EcoRV-KpnI fragment from NF1-B1 cDNA into the EcoRV-KpnI site of GAL4-B2. GAL4-C1(390-499) and GAL4-C2(399-439) were constructed by inserting RT-PCR-amplified fragments corresponding to amino acid residues 390-499 of human NF1-C1 and 399-439 of rat NF1-C2 respectively. The series of NF1-B mutants were constructed in the pSG424 vector encoding the DNA-binding domain of GAL4 by inserting the appropriate position of NF1-B cDNA species and are termed GAL4-B(x-y), where x and y indicate the start and end residues respectively of the NF1-B proteins inserted.
5iGAL4-91GST-luciferase, 5iGAL4-167C\EBPδ-luciferase (in which C\EBP stands for CCAAT-enhancer-binding protein) and 5iGAL4-MTIIA-luciferase have been described previously [9, 13] . For the construction of 5iGAL4-SV40-luciferase, the fragment including the pentamer of the GAL4 binding site was cloned into the KpnI-BglII site of the luciferase vector PGV-P (Toyo Ink, Tokyo, Japan) containing the simian virus 40 (SV40) promoter. 5iGAL4-luciferase vector was generated by removing the promoter region from 5iGAL4-MTIIA-luciferase by digestion with HindIII. To make the constructs of 5iGAL4-TATA (GST-P)-luciferase and 5i GAL4-TATA (MTIIA)-luciferase, the fragment from bp k33 to j57 and k43 to j69 in the minimum promoter of the GST-P and MTIIA genes respectively were cloned into the 5iGAL4-luciferase vector. 5iGAL4-TATA (E1b)-luciferase was constructed by inserting the fragment including the pentamer of the GAL4-binding site and the E1b minimum promoter derived from pG5CAT (Clontech, Palo Alto, CA, U.S.A.) into the XhoI-HindIII site of the luciferase vector PGV-B (Toyo Ink). The sequences of all fragments generated by PCR were checked with an automated DNA sequencer (ABI PRISM 310).
Expression and purification of the DNA-binding domains of NF1 family proteins
The NF1 DNA-binding domain expression plasmids were transformed into JM109 or BL21. The transformant was grown to a D '!! of 0.6 at 30 mC in Luria-Bertani medium ; isopropyl β--thiogalactoside was then added to a final concentration of 0.1 mM. The cells were then allowed to grow for 16 h at 16 mC, harvested by centrifugation and suspended in 10 % of the original culture volume in 0.5 M HM buffer [25 mM Hepes (pH 7.9)\ 12.5 mM MgCl # \1 mM dithiothreitol\20 % (v\v) glycerol\1 µM pepstatin\4 µM leupeptin\1 mM 4-(2-aminoethyl) benzenesulphonyl fluoride hydrochloride, with KCl as indicated], then disrupted by sonication. After centrifugation at 418000 g (98000 rev.\min) for 0.5 h, the supernatant added to 0.1 % Nonidet P40 was mixed with glutathione-Sepharose beads and rotated at 4 mC for 30 min. The GST fusion proteins were eluted with 0.5 M HM buffer containing 20 mM glutathione.
Gel-shift assay
The sequences of oligonucleotides for the gel-shift assay were as follows (only upper strands are shown) : adenovirus replication origin, 5h-CTAGCTATTTTGGATTGAAGCCAATATG-3h ; GST-P, 5h-CTAGTTTCTTGGAGCAGGACCCAAAAAT-3h ; α-globin, 5h-CTAGCGGGCTCCGCGCCAGCCAATGAGC3h ; HMG-CoA reductase, 5h-CTAGTGATGCTGGAACTCG-ACCAGCTAT-3h.
The protein fraction (8.25 µl) containing 2 µg of BSA and a constant amount of NF1 proteins (2 ng of NF1-A, 6 ng of NF1-B, 25 ng of NF1-C or 8 ng of NF1-X) was mixed with 4.25 µl of 20 mM Tris\HCl, pH 7.5, 10 % (v\v) glycerol, 2 mM dithiothreitol, 10 mM EDTA and labelled probe. Probe DNA was added to a final concentration of 0.25-8.0 nM. Each reaction mixture was incubated for 30 min at room temperature, loaded on a 6 % (w\v) non-denaturing polyacrylamide gel, subjected to electrophoresis at 150 V for 1 h and fixed with 10 % (v\v) methanol and 10 % (v\v) acetic acid. The radioactivity corresponding to each band was measured by a bioimage analyser BAS 2000 (Fuji Film, Tokyo, JApan).
Cell culture, transfection and luciferase assay
HeLa cells were cultured in minimal essential medium supplemented with 10 % (v\v) fetal bovine serum, then passaged by treatment with trypsin at confluence. Transfection was performed by the calcium phosphate co-precipitation technique [20] , with 2.0 µg of the luciferase reporter plasmid, 0.5 µg of the effector plasmid, 2.0 µg of pBluescript and 0.5 µg of pRSVGAL, a eukaryotic expression vector containing the Escherichia coli β-galactosidase (lacZ) structural gene controlled by the Rous sarcoma virus long terminal repeat, as an internal control. Luciferase activities were measured with the use of Pikka Gene (Toyo Ink). All transfection experiments were performed three to eight times with two or three different preparations of DNA, and the relative luciferase activity was derived from the mean values of the results. The activity of β-galactosidase was assayed as described [21] .
Preparation of nuclear extracts and Western blot analysis
The preparation of nuclear extracts from the transfected HeLa cells and the Western blot analyses were performed as described previously [22] . The nuclear extracts were subjected to SDS\ PAGE [10-20 % (w\v) gradient gel], transferred to nitrocellulose and immunoblotted by the anti-(GAL4 DNA-binding domain) antibody. Anti-(GAL4 DNA-binding domain) antibody, corresponding to residues 1-147, was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, U.S.A.).
RESULTS
Isolation of cDNA clones encoding rat NF1 family proteins
We previously cloned rat NF1-A cDNA from a λgt10 rat liver library. To obtain the other isoforms of NF1, the specific probes corresponding to the C-terminal regions of NF1 were obtained by RT-PCR (results not shown). The sequences of the three amplified fragments were similar to hamster NF1-B, human NF1-C2 and hamster NF1-X respectively. By using these fragments as probes, we obtained three NF1-B clones, three NF1-C clones and two NF1-X clones from the λgt10 rat liver library, and determined the sequences of each insert of all isolated clones ( Figure 1 ). Unfortunately, none of these eight clones had a complete open reading frame. However, it is likely that three types of NF1-B cDNA (NF1-B1, NF1-B2, NF1-B3) were isolated, and both NF1-B2 and NF1-B3 are deleted forms of the Cterminal portion of NF1-B1. These three clones contained the fragment corresponding to residue 193 to the stop codon of NF1-B2, residue 137 to the stop codon of NF1-B3, and the start codon to residue 437 of NF1-B1. The complete NF1-B1 sequence is shown in Figure 1 (A) as the combined sequence with that derived from RT-PCR for the C-terminal region. Because the 5h sequences of the isolated regions of NF1-B2 and NF1-B3 are exactly the same as that of NF1-B1, we assumed the N-terminal portion of these three NF1-Bs to be identical in later experiments.
The combined sequences of the overlapping NF1-C clones and NF1-X clones contained 432 residues of NF1-C2 and 441 residues of NF1-X1 respectively.
The N-terminal regions (181 residues) of NF1 proteins were highly conserved. The four cysteine residues that are essential for DNA binding and the charged amino acids in the region predicted by two algorithms to have a high α-helix probability, termed the lysine helix, are also conserved ( Figure 1A ) [23, 24] .
From a sequence comparison of the three NF1-B clones, NF1-B2 and NF1-B3 seemed to be isoforms created by alternative splicing. The frame-shifted NF1-B2 and NF1-B3 have a Ser-TrpTyr-Leu-Gly motif in the C-terminal region ( Figure 1B) . To determine the mRNA expressions of these NF1-B cDNA species in rat liver, spleen, kidney, heart, lung, intestine, testis, brain and muscle, we performed RT-PCR with the common primers to three NF1-Bs (see Figure 1B ). These primers produce three different lengths of isoforms. A single band of the same size corresponding to NF1-B3 was detected in all tissues ( Figure 1C ). Sequence analysis revealed that this single band was derived from the NF1-B3 mRNA. The bands derived from NF1-B1 and NF1-B2 are rarely detected in all tissues tested. PCR analysis with this set of primers and NF1-B1, NF1-B2 and NF1-B3 cDNA species inserted in pBluescript as templates showed that the amounts of product of NF1-B3 was approximately twice that of others (results not shown). These results indicate that NF1-B3 might be the dominant form of NF1-Bs in the rat tissues, although the amplification efficiency of PCR for NF1-B3 is slightly greater than that of the other two NF1-Bs, probably owing to the shorter length of the fragment.
The NF1-C and NF1-X clones obtained were the rat counterparts of human NF1-C2 and hamster NF1-X respectively. We have not isolated the other splicing isoforms of NF1-C and NF1-X [3, 5] .
Expression profiles of NF1 mRNA species
The tissue distributions of the NF1 mRNA species were examined by Northern blot analysis (Figure 2 ). For each of NF1-A and NF1-C, two bands, at 11.5 and 6 kb and at 8.9 and 4.7 kb respectively, were detected. The NF1-B and NF1-X mRNA species each expressed one major transcript, at 8.7 and 6.6 kb respectively. All of the NF1 mRNA species were detected ubiquitously in various tissues, although the level of NF1 was higher in the lungs and lower in the liver. The transcript of NF1-B in the liver was detected when the film was exposed for 4 days (results not shown).
DNA-binding specificities and affinities of NF1 family members
The DNA-binding-site preferences for the NF1 family proteins are unclear, although all four of the NF1 proteins bind to the TGGCA sequence and the origin of the adenovirus replication [25] . Different NF1 proteins were purified as factors that recognize the cis-elements containing TGG [26] . There is a possibility that each of the NF1 proteins recognizes a subtly different sequence and has a different affinity. We previously identified the recognition sequence for NF1-A by the PCRmediated random site selection method, which is useful for defining the DNA-binding site of transcription factors in an unbiased manner [27] . However, the recognition sequences of the NF1 family proteins are so similar that it is difficult to distinguish between them by this method. We performed a gel-shift assay to determine the dissociation constants for each protein for the four NF1 sites. We previously cloned the rat NF1-A gene and showed that the second exon starts at the tenth amino acid [28] . Residues 10-244 of NF1-A (and the similar regions of the other NF1 proteins) were expressed and used for the gel-shift assay, because multiple splicing isoforms containing the different first exons of NF1 have been cloned [6, 29] . A constant amount of NF1 protein was titrated with increasing amounts of a radiolabelled NF1 site derived from the adenovirus replication origin, α-globin, HMGCoA reductase and GST-P genes. NF1-bound probes were separated from free probes in the binding mixtures by PAGE. The radioactivity of each band was measured by an imaging analyser. These assays revealed that the amount of bound probe approached saturation within the range of input in all assays, with all four NF1 proteins ( Figure 3, and results not shown) . The results were subjected to a Scatchard analysis, allowing the calculation of dissociation constants. In the lower input range, the amount of bound probe derived from adenovirus replication origin increased more rapidly than that of the NF1 site in the GST-P gene. The level of binding saturation of the adenovirus NF1 site is higher than that of the GST-P NF1 site. The dissociation constant of the GST-P NF1 site shown by the Scatchard analysis slope was approx. 5-fold the corresponding value of the adenovirus.
The dissociation constants for each protein to the four NF1 sites are given in Table 1 . The order of affinity among the four NF1 sites in all NF1 proteins was dependent on the similarity to the NF1-A consensus sequence derived from the PCR-mediated 
Figure 3 Determination of the dissociation constants of NF1-A proteins
The left panels show the results of the gel-shift analyses with increasing amounts of NF1 sites of the adenovirus replication origin (A) and the GST-P gene (B). The amount of bound probe was plotted against the total input (middle panels). A Scatchard analysis was performed by plotting the ratio of bound to free protein against bound protein (right panels). random site selection [27] ; in other words, the adenovirus replication origin showed the highest affinity. This result demonstrated that the specificities of the NF1 proteins are indistinguishable. Surprisingly, however, the affinities of NF1-A and NF1-X were higher than those of NF1-B and NF1-C. It was confirmed that GST-NF1 fusion proteins are equally stable in this experiment as follows. The protein fractions were left for 30 min at room temperature, under the same conditions as for the binding reaction for the in itro DNA binding studies ; these fractions were then subjected to electrophoresis and stability was checked by both Coomassie Brilliant Blue staining and immunoblot analysis in which the anti-NF1 antibody from Santa Cruz was used. In neither analysis was the degradation band observed (results not shown).
Effect of the C-terminal regions of NF1-B proteins on various promoter activities
Previous work has shown that NF1-A contains a repression domain enriched with proline and serine residues and that NF1-C and NF1-X activate the transcription mediated by the prolinerich transcriptional activation domains [10, 11, 13] . We examined the effect of the C-terminal regions of NF1-B isoforms on the four kinds of gene promoter activity (Figure 4 ). Because NF1 proteins were expressed in almost all culture cells, we fused the C-terminus of NF1-B proteins to the DNA-binding domain of GAL4 (1-147) to exclude the effect of endogenous NF1 proteins on the transcription. GAL4-A1(145-509) was used, because the region 145-509 of NF1-A1 showed the most effective repression activity [13] . Three isoforms of the human NF1-C cDNA species, NF1-C1, NF1-C2 and NF1-C3, have been cloned [10] . The transcriptional regulatory domain of only NF1-C1 has been characterized well, and the proline-rich transcriptional activation domain that was the C-terminal end was identified. We cloned rat NF1-C2, which is similar to human NF1-C2 ; rat NF1-C1 has not been isolated. Therefore we examined the effect of the Cterminal end of rat NF1-C2 as well as human NF1-C1 on the promoter activities. The expression vectors were co-transfected into HeLa cells with a reporter plasmid containing the GST-P promoter and five binding sites for the GAL4 DNA-binding domain ( Figure 4B ). The results were shown as luciferase activity relative to that of the GAL4 DNA-binding domain alone. The GST-P promoter has a PMA response element and a GC-box that are binding sites for AP1 and Sp1 respectively [30] . The Cterminal half of NF1-B2 and NF1-B3, but not NF1-B1, slightly activated the transcription activity of the GST-P gene. The Cterminal regions of NF1-A1 decreased the transcription activity when co-transfected with GAL4-A1 as an expression vector. The NF1-C isoforms hardly activated the GST-P promoter activity. Similar results were obtained when the reporter plasmids containing SV40 and C\EBPδ promoters were used ( Figures 4C and  4D) . However, the C-terminal regions of all of the NF1 isoforms repressed the promoter activity of the MTIIA gene ( Figure 4E ). These observations indicate that the transcriptional regulatory function of the NF1 isoforms is affected by the factors that bind to the promoter regions.
To show that the functional differences in the NF1 GAL4 fusion proteins were not due to differences in their relative expression levels, we performed a Western blot analysis with the anti-GAL4 antibody. All samples were standardized by the β-galactosidase activity, except GAL4-A1(145-509) (55.7 kDa) and GAL4-B1(239-561) (52.1 kDa), which were respectively 5-fold The expression levels of GAL4-A1(145-509) and GAL4-B1(239-561) seem to be lower than those of others, although the transfer efficiency of the protein above 50 kDa to nitrocellulose membrane was lower than that of proteins below 50 kDa. It is therefore likely that GAL4-A1(145-509) and GAL4-B1(239-561) would have had a stronger repression activity in Figure 4 if the fusion proteins had been expressed at the same levels as the others.
Activation of minimal promoter activities by the C-terminal half of NF1-B proteins
To define the function of the C-terminal regions of the NF1-B isoforms, a luciferase reporter gene, driven by minimal promoters consisting of the adenovirus E1b, GST-P or MTIIA gene TATA box and five binding sites for the GAL4 DNA-binding domain, was used because the transcriptional regulatory function of the NF1 isoforms is affected by the factors that bind to the promoter regions. GAL4-C1(390-499), containing the proline-rich transcriptional activation domain of human NF1-C, activated the minimal promoter activity ( Figure 5 ). However, GAL4-A1(145-509), containing the GAL4 DNA-binding domain and the Cterminus of NF1-A1, hardly repressed the minimal promoter activities. The transcription activities increased when the reporter plasmid was co-transfected with GAL4 fused to the NF1-B isoforms as expression vectors. The C-terminal half of NF1-B2 and NF1-B3 activated the transcription more effectively than did that of NF1-B1. These effects of the NF1 members on the promoter activity were not dependent on the type of minimal promoter used. Therefore the C-terminus of NF1-B can function as an activator of transcription in a DNA-binding-site-dependent manner.
Identification of the transcriptional activation domain of NF1-B
To define the domain that is important for activation, we constructed a series of deletion mutants of the C-terminal regions of NF1-B (Figure 6 ). Deletion of the regions 239-308 and 239-391 did not affect the activation activity of NF1-B1, because the relative luciferase activities of GAL4-B1(309-561) and GAL4-B1(392-561) were the same as that of GAL4-B1(239-561) (see Figure 6A, lanes 2-4) . The activation activity was abolished when the remaining region 392-561 was separated into two regions [see GAL4-B1(392-489) and GAL4-B1(490-561) ; Figure  6A , lanes 5 and 6]. These observations indicate that the transactivation domain of NF1-B1 exists in the region 392-561. Western blot analysis with anti-(GAL4 DNA-binding domain) antibody revealed that similar levels of GAL4 NF1-B fusion proteins were expressed in the transfected HeLa cells ( Figure  6B ). GAL4-B1(309-561) might show an effective transactivating activity, because the relative expression level of GAL4-B1(309-561) was lower than those of others.
We also tested the activity of the GAL4 DNA-binding domain fused to several portions of NF1-B2 and NF1-B3. The deletion of the region 239-308 did not affect the transactivation activities of GAL4-B2(239-494) and GAL4-B3(239-420) [see GAL4-B2(309-494) and GAL4-B3(309-420) ; Figure 6A, lanes 7, 8, 10 and 11]. The transactivation activities of NF1-B2 and NF1-B3 were decreased by deleting the region 239-391 [see GAL4-B2(392-494) and GAL4-B3(392-420) ; Figure 6A , lanes 9 and 16]. These results mean that the region 309-391 is important for the transactivation of NF1-B2 and NF1-B3. However, the region 309-391 did not itself show the same activation activity as that seen in the overall region of C-terminus of NF1-B2 and NF1-B3 [see GAL4-B1\2\3(309-391) ; Figure 6A , lane 18]. When this region was divided into two regions, 309-354 and 355-391, these fragments did not show the activation activities, either (see Figure 6A, lanes 19 and 20) .
The short motif Ser-Trp-Tyr-Leu-Gly at the C-terminus of NF1-B3 is conserved in NF1-A1, NF1-B2 and NF1-C1 ( [3, 7] ; see also Figure 1 ). GAL4-B1\2\3(309-415), which does not contain the Ser-Trp-Tyr-Leu-Gly motif, was without activation activity (see Figure 6A , lane 17), whereas GAL4-B3(309-420), which includes the Ser-Trp-Tyr-Leu-Gly motif, has high activity (see Figure 6A, lane 11) . Therefore the Ser-Trp-TyrLeu-Gly motif is essential to the transactivation. However, this motif itself is not a sufficient minimum activation domain, because the C-terminal 29 residues, GAL4-B3(392-420), did not activate the luciferase activity (see Figure 6A , lane 16).
To define more narrowly the NF1-B3 activation domain, we prepared several deletion constructs. The transactivation activity of NF1-B3 was decreased with progressive deletions, GAL4-B3(325-420), GAL4-B3(340-420), GAL4-B3(355-420) and GAL4-B3(373-420) (see Figure 6A, lanes 12-15) . We conclude that transactivations by NF1-B2 and NF1-B3 are required for the region 309 to the stop codon. These observations indicate that this region is essential but not sufficient for the activation mediated by NF1-B2 and NF1-B3, although the region 309-391 is not required for transactivation by NF1-B1. 
DISCUSSION
More than 20 splicing isoforms of NF1 have been cloned from several species. In the present study we isolated five splicing isoforms derived from rat NF1-B, NF1-C and NF1-X genes. These clones have quite high similarities to the equivalent parts of human, mouse and hamster NF1s, sharing more than 97 % identity in amino acid sequences [3, 5, 31] . NF1-B1, NF1-B3, NF1-C2 and NF1-X1 are the rat counterparts of hamster NF1-B, human NF1-B2, human NF1-C2 and hamster NF1-X respectively [3, 5, 32] . NF1-B2 is a novel type of NF1 gene product. Two and three types of NF1-B isoform were cloned from chicken and human respectively ; the N-terminal regions of them are conserved [7, 32] . Qian et al. [8] reported the only human NF1-B gene in the human genone, and its chromosomal location was mapped to position 9p24.1. We speculate that the N-terminal regions of the NF1-B isoforms in rat are also conserved, although we have not isolated the clones that contain the full-length NF1-B cDNA species.
Although many NF1 cDNA species were cloned, the expression profile of NF1 is unclear. RNA was isolated from rat tissues and analysed for the expression of all NF1 genes. With NF1-B and NF1-X, one major signal was detected. Two transcripts, 11.5 and 6.0 kb of NF1-A mRNA and 8.9 and 4.7 kb of NF1-C, were expressed. NF1 mRNA species were detected ubiquitously in various rat tissues, although the level of NF1 was higher in the lung and lower in the liver. Chaudhry et al. [31] recently reported that in adult mice, all four NF1 genes are expressed most highly in the lung, liver, heart, and other tissues but only weakly in the spleen and testes. Although the sizes, numbers and expression profiles of rat NF1 mRNA species resembled those in mice, the level of mRNA in the liver was different. The reason for this difference is unknown.
NF1 family proteins bind to the specific sequences and are required for tissue-or cell-type-specific expression. Although all four NF1 proteins bind to the adenovirus replication origin, the specificities and activities of NF1 proteins at the NF1 sites in the promoter regions are unclear. We measured the dissociation constants for each protein for the four NF1 sites including the adenovirus, GST-P, α-globin and HMG-CoA reductase genes. The order of affinity for the four NF1 sites in all four of the NF1 proteins depended on the similarity to the NF1-A consensus sequence derived from the PCR-mediated random site selection (i.e. the adenovirus replication origin showed the highest affinity). This observation means that the specificities of the NF1 proteins are indistinguishable. Surprisingly, the binding affinities of NF1-A and NF1-X were higher than those of NF1-B and NF1-C. We have showed previously that the perfect palindrome sequence containing TTGGCA was the most effective competitor in the NF1 sites [27] . Although the perfect palindrome sequence probably exists in the genomic DNA, such a sequence has not been found in the functional region in the genes. The highest binding activity might not be required for the regulation of replication and transcription, or rather, a stringent binding specificity might be inconvenient. Moreover, the regulation of transcription is not required for the high affinity that was detected in the adenovirus replication origin. This means that both the release of the factor from DNA and its binding to DNA are important in the regulation of transcriptional functions. The affinities of NF1-B and NF1-C were lower than those of the other NF1 proteins, indicating that NF1-B and NF1-C are more easily competed for by other NF1 proteins. The difference in DNA-binding activities might contribute to the regulation of the gene expression by NF1 family proteins.
The transcriptional regulatory regions of rat NF1-A, human NF1-C and Xenopus NF1-X have been examined by using heterologous DNA-binding domains [10, 11, 13] . The function of the C-terminal region of NF1-B is unknown. Although the activities of the minimal promoters were increased by NF1-B2 and NF1-B3, the C-terminal regions of NF1-B2 and NF1-B3 slightly increased the promoter activities of the GST-P, SV40 and C\EBPδ genes and decreased MTIIA promoter activity. These promoters have several cis-elements, including a PMA response element, a GC box and an AP2 site [30, [33] [34] [35] . NF1-B1, NF1-C1 and NF1-C2 were able to activate the minimal promoter activities but did not induce the activities derived from the promoters containing several cis-elements. NF1-A repressed all promoter activities and did not activate the minimal promoter activities. These observations indicate that the function of transcriptional regulation by NF1 proteins is influenced by the factors that bind to the cis-elements near the NF1 sites. Indeed, NF1 sites are located within many transcription factor sites [9, [36] [37] [38] [39] [40] . NF1 proteins supplement or repress the transactivation mediated by transcriptional activators such as AP1 and Sp1, rather than activating the transcriptional activity constantly. The repression activity of NF1-A is higher than those of NF1-B and NF1-C. We have previously purified NF1-A and NF1-B from rat liver as factors that bind to the silencer in the GST-P gene [9] . The promoter activity of the GST-P gene was increased by NF1-B2 and NF1-B3, but not NF1-B1, and decreased by NF1-A1. The balance of the expression of the NF1 isoforms might be important for the silencer activity of the GST-P gene. C\EBPα, one of the GST-P-silencer-binding proteins, represses GST-P promoter activity and attenuates the transcriptional stimulation by C\EBPβ. It is likely that the ratio of C\EBPα to C\EBPβ is one of the important factors in GST-P silencer activity. Indeed, a decrease in this ratio resulted in an increase in GST-P expression during hepatocarcinogenesis [22] . In the near future, it may be possible to use the specific antibodies against the specific peptide sequences in each NF1 isoform to dissolve the expression profiles of NF1 family proteins in the liver during hepatocarcinogenesis.
We have previously identified a rat NF1-A repression region that is divided into two 100-residue domains, one enriched in serine and glycine residues and the other in proline and serine residues [13] . The proline-rich activation domain was identified in the C-terminal region of human NF1-C and Xenopus NF1-X [10, 11] . To define the function of the C-terminal regions of NF1-B isoforms, a luciferase reporter gene driven by minimal promoters was used. In the present study we found the activation domains of NF1-B isoforms. Transactivations by NF1-B2 and NF1-B3 are required for the region from residue 309 to the stop codon. However, the region 309-391 is not essential for the activation by NF1-B1 that requires the region 392 to the stop codon. The C-termini of NF1 proteins are diverse but the transcriptional regulatory regions are similar in their amino acid components. The activation domains of NF1-B isoforms have abundant proline and serine residues. The region 309-391, in particular, is rich in proline (25 %) and serine (17 %) residues.
The transactivation activity of NF1-B3 was gradually decreased with progressive deletions from 309 to 391, indicating that all of the C-terminal 112 residues of NF1-B3 are needed as the activation domain. On the activation domain of the Nterminal 100 residues of the transcription factor Yin and Yang 1 (YY1), the activation activity was abolished by a series of progressive deletion mutants [41] . It is thought that all of the regions and the normal structure of these activation domains might be important for maximum activation. The short motif Ser-Trp-Tyr-Leu-Gly at the C-terminus of NF1-B3 was also required for activation. The Trp-Arg-Pro-Trp motif of the Hairyrelated basic helix-loop-helix is sufficient to interact with Groucho or TLE mammalian counterparts [42] . The Ser-TrpTyr-Leu-Gly motif conserved in NF1-A1, NF1-B2, NF1-B3 and NF1-C1 might be important for protein-protein interaction.
NF1-C2 showed the same degrees of activation activity on the E1b and GST-P minimal promoters. In contrast, the NF1-C1 and NF1-B isoforms increased more effectively the minimal promoter activity of the E1b and GST-P genes respectively. Chaudhry et al. [43] reported that NF1-X shows the strongest activation of the adenovirus major late promoter and NF1-B is the most potent activator of the mouse mammary tumour virus long terminal promoter. These promoter specificities by NF1 isoforms might be derived from the targets of the activation domains of NF1 proteins. The proline-rich activation domain of human NF1-C1 selectively interacts with TFIIB, TBP, TBPassociated factor 55 and histone H3 [14] [15] [16] [17] . To define the difference between transcriptional regulations by NF1 members, we are attempting to identify the factors interacting with the transcriptional regulatory regions of NF1 family members.
